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ITRMODUCTION
The surface structure of fungi, the cell wall,

with all its specialized functions in the diverse
life activities of fungal cells, increasingly attracts
the attention not only of mycologists but also of
the workers of other biological disciplines. The
fungal cell walls have been studied from different
aspects, and many excellent reviews have been
written in the past (e.g., 5, 9, 15-17, 23, 46, 91,
205, 213).
Papers dealing with the molecular mechanism

of cell wall formation in fungi started to appear
with increased frequency after the discovery of
nucleoside diphosphate-sugars and their func-
tion as glycosyl donors in the biosynthesis of
complex saccharides (156) and the commercial
availability of these compounds labeled with
radioactive nuclides. Whereas in 1965, at the
time of Aronson's review (5) on fungal cell walls,
only a few (1, 98) papers dealing with the "in
vitro" biosynthesis of fungal wall components
had been published, the present complete bibli-
ography in this field would mount up to
hundreds of papers.
This by itself indicates the.increasing impor-

tance of studies on the mechanism of biosyn-
thesis of cell surface structures, using the fungi
as models for simple eucaryotic cells. The ra-
tionale for these studies is that they could not
only explain the mechanism of biosynthesis of

different cell wall components but also contrib-
ute to a better understanding of various surface-
related biological phenomena, such as cell-cell
interactions, immune response, morphogenesis,
drug resistance, and others.
Because of the great complexity of these prob-

lems, I will deal in this review mainly with the
molecular aspects of cell wall formation in fungi
and try to find their possible relationship to
regulation of morphological development.

FUNGAL CELL WALLS
Detailed discussion about the structure and

chemical composition of fungal cell walls falls
outside the scope of this review; besides, there
have been several comprehensive articles writ-
ten on this subject in the last years (e.g., 5, 9, 10,
15, 16, 205). However, some general explanations
are necessary to serve as an introduction to the
problem of fungal cell walls.

Chemical Structure
The remarkable properties of fungal walls,

such as their mechanical strength, morphologi-
cal features, and biological activity, are undoubt-
edly based on their particular chemical compo-
sition. Bartnicki-Garcia (15) pointed out that a
close correlation exists between taxonomic clas-
sification and cell wall composition among fungi.

Polysaccharides, which represent about 80 to
117
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90% of the dry matter of fungal cell walls, are
composed of amino sugars, hexoses, hexuronic
acids, methylpentoses, and pentoses (16). Glu-
cose and N-acetyl-D-glucosamine (GlcNAc) usu-
ally represent the chemical elements of skeletal
wall polysaccharides, such as chitin, cellulose,
noncellulosic f8-glucans, and a-glucans. The
other sugars are present mainly in the form of
various homo- and heteropolysaccharides, often
in chemical complexes with proteins.

It can be anticipated that, owing to distinctive
physicochemical properties, the different poly-
saccharides fulfill specific functions in the cell
walls. Whereas the crystalline polysaccharides
chitin and /8-glucans are the components respon-
sible for the mechanical strength of the wall, the
amorphous homo- and heteropolysaccharides,
often in association with proteins, play the role
of cementing substances and constitute the car-
bohydrate moieties of extracellular enzymes and
cell wall antigens (10, 91, 146).

Wall Architecture
The functional specialization of each cell wall

component is reflected also in its location within
the wall structure. Electron microscopic and cy-
tochemical evidence (5, 58, 65, 121, 161, 209, 210,
266, 267), combined with results of chemical and
enzymatic analyses (118, 119, 135, 146, 185, 200,
255; M. Kopecka, H. J. Phaff, and G. H. Fleet,
Proc. Int. Symp. Yeasts 4th, Vienna, Austria,
1974, D5, p. 205), indicate that a certain degree
of stratification exists in the walls of fungi. Al-
though distinct layering of building material is
rarely seen on ultrathin sections through the cell
walls, the general picture is that the outer sur-
faces of the wall are smooth or slightly grannular
in texture and composed of amorphous material
(often glycoprotein in nature), whereas the skel-
etal microcrystalline component is prominent in
the layer of the wall adjacent to plasmalemma.
The interfibrillar spaces of the inner wall layer
are filled with amorphous material, probably of
the same chemical composition as that of the
outer wall layer. The amorphous matrix material
penetrates also into the periplasmic space (e.g.,
86, 161, 242, 266, 267), where some of its constit-
uents may exhibit different enzymatic activities
(10, 146).
The overall appearance of fungal walls varies

with age (Fig. 1). Newly sythesized portions of
the walls are thin and smooth, with no visible
stratification. In older portions the primary wall
is covered with secondary layers composed of
amorphous matrix material, and the fibrillar tex-
ture of the innernost wall layer becomes more
pronounced (118, 120, 121, 253, 254).
There has been some discussion in the litera-
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ture about the possible artifactual nature of the
microfibrillar cell wall components (37, 172).
The main argument against the presence of dis-
tinct layers of building material in the fungal
cell walls was the possibility that the polysac-
charide microfibrils might arise as a consequence
of various chemical treatments of isolated cell
walls (7, 116). These assumptions seemed to be
substantiated to a certain degree by Eddy and
Woodhead (71), who observed "in vitro" reag-
gregation of fibrillar elements of alkali-dissolved
yeast wall glucan.

Nevertheless, the presence of microfibrils of
skeletal wall polysaccharides can almost invari-
ably be demonstrated in cell walls formed de
novo on the surfaces of regenerating fungal pro-
toplasts (e.g., 2, 88, 96, 197, 247, 265). Also,
refined cytological and biochemical methods,
such as partial enzymatic digestion of the walls
followed by electron microscopy, reveal the fi-
brous nature of certain wall components (118,
119, 121, 135; Kopecka et al., Proc. Int. Symp.
Yeasts 4th, Vienna, Austria, 1974, D5, p. 205).

It should be noted, however, that observations
made by application of the enzyme dissection
technique to reveal wall architecture do not
allow straightforward interpretation in each case
and should be treated cautiously. Several factors
may influence the final conclusions. (i) The
cross-linking between the individual wall com-
ponents may result in the removal of the enzy-
matically solubilized polymer as well as the sec-
ond, linked polymer. (ii) The lytic enzymes used
may be insufficiently purified-even traces of
contaminating hydrolytic enzyme activities can
substantially influence the final image; equally
important is knowledge on the precise modes of
action of the enzymes used. (iii) The partial
dissolution of the wall by enzymic or chemical
treatments may lead to rearrangement and dis-
placement of the remaining wall constituents,
thus changing the obtained electron microscopic
image. (iv) Different accessibilities of the indi-
vidual cell wall components to enzyme attack
when working with intact cells or the isolated
walls: in isolated walls the applied enzymes can
attack the wall structure from both sides,
whereas in intact cells only the components lo-
cated on the outer wall surface are susceptible.
The methodological difficulties described

above are perhaps the main sources of contro-
versial conclusions concerning the details of wall
architecture in fungi. This situation can be best
demonstrated by the existing uncertainty about
the structure of the cell wall in Saccharomyces
sp., so far the best studied fungal cell envelope.
Based on the available chemical, biochemical,

immunochemical, and cytological evidence,
Lampen (146) suggested a structural model for
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FIG. 1. Wall and septal structure of a hypha of Neurospora crassa. (Reproduced with permission fromreference 253.)

the cell wall of Saccharomyces cerevisiae. In his
model the innermost microfibrillar layer, com-
posed of insoluble ,8-glucan, is linked via protein
to the outer wall layer, composed of mannan-
protein molecules mutually linked by phospho-
diester bridges between their polysaccharide
moieties. The phosphodiester cross-linking was
supposed to form a physical barrier that holds
within the wall structure the extracellular man-
noprotein enzymes invertase, acid phosphatase,
and others. The latter conclusion was arrived at
from the effect of the so-called PR-factor, a
phosphomannanase partially purified from cul-
ture filtrates of Bacillus circulans (180). Treat-
ment of intact cells with this preparation liber-
ated the invertase and large phosphomannan
molecules and was followed by complete disso-
lution of the cell wall. The PR-factor supposedly
cleaved selectively the phosphodiester links be-
tween the mannan molecules.
The observation that invertase can be liber-

ated from intact yeast cells by mild sonication

or treatment with thiol reagents led Kidby and
Davies (134) to a conclude that invertase is not
chemically bound to the cell wall and that the
natural barrier against its escape from the wall
structure is the external wall layer, composed of
mannan-protein molecules linked together, as
suggested by Lampen (146), by phosphodiester
bridges but also by disulfide linkages between
their protein moieties (Fig. 2).
Apparently contradictory results were ob-

tained by Arnold (4), who demonstrated that in
ethyl acetate-treated cells the sulfhydryl com-
pounds on their own were ineffective in releasing
the invertase entrapped within the wall; they
did, however, increase the extractability of the
marker enzyme by yeast extracts containing glu-
can-degrading activity. The differences as to ex-
tractability of invertase by thiol reagents, when
compared with results of Kidby and Davies
(134), could be explained by possible irreversible
changes in the upper cell wall layer caused by
the ethyl acetate treatment.

VOL. 43, 1979
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FIG. 2. Hypothetical structure of the ceU wall of
the yeast S. cerevisiae. S-S, Disulfide linkage; P,
phosphodiester bridge. (Modified from Kidby and
Davies [134].)

The difficulties encountered in chemical ex-

traction of ,8-glucan from intact yeast cell walls
led Bacon et al. (7) to suggest the existence of a
thin chitinous membrane on the outer surface of
the cell walls that would form a perneability
barrier preventing the extraction of 8-glucan
with the alkali. The problems described above
with alkaline extraction off,-glucan did not oc-
cur with isolated cell walls (7). Subsequent stud-
ies from different laboratories have shown, how-
ever, that the exclusive location of chitin in
Saccharomyces cell walls is in the bud scars (48,
229).
Cytochemical staining selective for acid phos-

phatase (161) has revealed that this extracellular
mannoprotein enzyme is located both in the
outer wall layer and in the innermost layer,
penetrating into the periplasmic space. The lo-
calization of mannan-proteins in the outer and
the innermost regions ofthe yeast walls has been
demonstrated also by other cytochemical meth-
ods (58, 210, 266, 267).
The periplasmic space of yeasts has been also

reported to contain large amounts of glycogen
(105, 106); its role, however, is still obscure.
The presence of mannoprotein complexes in

the upper wall layer in yeast is well supported
by the fact that synergistic action of proteases
and ,B-glucanases is required to dissolve com-

pletely the walls of the intact cells (87, 214, 264,
268, 269). The effect of proteases can be replaced
by thiol reagents but not by the action ofpurified
bacterial a-mannanase; neither is the a-mannan-
ase alone effective in substantial removal of the
mannan located at the wall surface (268, 269).
These results indicate that proteins held to-
gether by disulfide bridges form a protective
barrier against the penetration of exogenous glu-
canase. On the other hand, walls isolated from
mechanically disintegrated cells are readily dis-
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solved by purified endo-1,3-/3-glucanase, indicat-
ing that the innermost, periplasmic mannopro-
tein layer is, unlike the outer one, only loosely
bound to the internal wall surface and can be
easily removed by washing with water (268, 269).

In the light of the present experimental evi-
dence, the existence of phosphodiester links be-
tween the carbohydrate moieties ofthe mannan-
protein molecules in the upper wall layer, as
suggested in previous models (134, 146), is
doubtful. The yeast mannans contain variable
amounts of phosphate (9, 10), which, however,
exists in S. cerevisiae mannan as a diester link-
ing an a-(1,3)-mannobiosyl unit to position C-6
of mannose, located in the terminal position of
the short side chain (10, 250). In Kloeckera
brevis mannan the phosphorus is present in the
form ofmannosyl-1-phosphate linked to position
C-6 of the mannose unit in the side chain of the
mannan molecule (250). However, direct evi-
dence about the existence of phosphodiester
bridges linking together two macromolecular
subunits in yeast mannan is so far lacking.
The penetration of certain types of large mac-

romolecules through the cell wall in both direc-
tions indicates that the wall is by no means a
compact structure. To allow the release of intra-
cellularly manufactured enzymes and the pas-
sage of certain exogenous macromolecules into
the cell (124, 201, 222, 223, 248, 276), the cell wall
must possess a certain number of pores. At pres-
ent, it is difficult to decide whether the pores are
a permanent structure within the wall and to
determine their location. An alternate explana-
tion, offered by Scherrer et al. (222), is that the
physicochemical interactions of penetrating
macromolecules with the components of the cell
wall may evoke a reorganization within the wall
structure resulting in the tentative formation of
openings large enough to accommodate the pen-
etrating macromolecules.

FORMATION OF CELL WALLS
General

The problems connected with the process of
cell wall formation in fungi are being currently
investigated from different points of view.
Among the most frequently studied questions
are: (i) the molecular mechanisms of the biosyn-
thesis of individual cell wall components, (ii) the
involvement of cellular structures in these proc-
esses and sites of participating enzyme activities,
(iii) the participation of lytic enzymes in the
process of cell wall formation, (iv) regulatory
aspects at different levels, and (v) cell wall for-
mation in relation to morphological develop-
ment of the cells.

a
39
...a
_a
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Accordingly, different experimental systems
have been used in these studies, ranging in de-
gree of complexity from isolated enzymes or

enzyme systems through subcellular fractions
and protoplasts to intact cells. The experimental
methods vary from purely chemical and bio-
chemical to cytological and physical. In the fol-
lowing sections I will briefly review the present
knowledge on the process of cell wall formation
in fingi, starting from the biosynthesis of the
individual principal wall polymers.

Biosynthesis of Individual Wall
Components

Chitin. Chitin, a,8-(1,4) polymer of GlcNAc,
is the major cell wall component in most fila-
mentous fungi. Its in vitro biosynthesis in a cell-
free system was first described by Glaser and
Brown (98), who found that an enzyme prepa-

ration from Neurospora crassa catalyzes the
incorporation of GlcNAc units from uridine 5'-
diphosphate (UDP)-GlcNAc into a polymer un-

distinguishable from the authentic chitin. The
general equation for this reaction is:

UDP-GlcNAc + [L-(1,4)-GlcNAcI.
primer

LB-(1,4)-GIcNAc]. + I + UDP
product

The reaction requires the presence of divalent
cations and GlcNAc as activators. A single en-

zyme, UDP-2-acetamido-2-deoxy-D-glucose:chi-
tin 4-fl-acetamidodeoxyglucosyltransferase (EC
2.4.1.16), known under the trivial name chitin
synthase, seems to be involved in the reaction.
Particulate preparations of chitin synthase have
been prepared from a wide range of fungi (e.g.,
3, 39, 55, 76, 101, 102, 123, 133, 164, 177, 181, 195,
196,219,220,260), and most ofthem have similar
kinetic properties (101). The results obtained
with different enzyme preparations indicate that
chitin synthase is an allosteric enzyme, having
more than one binding site per molecule (55, 63,
181). In the absence ofGlcNAc the Hill numbers
are close to 4 at low substrate concentrations
(below 0.1 mM), and values close to 2 at higher
substrate concentrations are obtained (63, 101).
In the presence of GlcNAc the Hill number is
close to 1 (219). The transfer of GlcNAc units
from UDP-GlcNAc to a primer molecule seems

to proceed in a single step, and there is, so far,
no evidence about the participation of "lipid
intermediate" in this reaction (77, 183).
The presence of an endogenous primer is not

absolutely necessary for the reaction to proceed.
Solubilized preparations of chitin synthase are

capable offorming chitin under conditions when

evidently no macromolecular primer is present
(98, 101, 102, 215).
GlcNAc appears to act as a positive allosteric

effector of particulate chitin synthase (55, 181,
216, 219). However, since relatively high concen-
trations of a GlcNAc are needed to produce the
same activation as that produced by much lower
concentrations ofUDP-GlcNAc, it has been sug-
gested that UDP-GlcNAc is the natural effector
and that GlcNAc simply mimics its effect (216).
The possibility has been considered that an ad-
ditional stimulatory effect of GlcNAc on chitin
biosynthesis in vitro might reside in its function
as the primer for initiation of new chains of
chitin (55, 183); however, this has found very
little experimental support (102, 216). Interest-
ingly, N,N'-diacetylchitobiose but higher N-ace-
tylchitodextrins especially stimulate the in vitro
biosynthesis of chitin both in the absence and in
the presence of GlcNAc (183, 204, 208). On the
other hand, the activity of enzymes solubilized
with butanol (98) or digitonin (63) is not affected
by GlcNAc.
One of the most powerful inhibitors of fungal

chitin synthase is the pyrimidine antibiotic po-
lyoxin D (e.g., 20, 77, 101, 102). The inhibition
by polyoxin D is competitive with regard to the
substrate UDP-GlcNAc, the inhibitor constant,
Ki, being two to three orders of magnitude lower
than the Michaelis constant, Ki, for the sub-
strate (20, 76, 103, 133, 164). A mechanism has
been suggested whereby polyoxin D, owing to its
structural similarity with UDP-GlcNAc, com-
petes for the active site of the enzyme (115).
Fungal chitin synthase is normally prepared

as a particulate enzyme associated with cellular
membranes. Numerous studies with cell-free ex-
tracts from various fungi have shown that the
highest specific activity of chitin synthase is
present in a membrane fraction vaguely termed
"microsomal" (3, 101, 103, 164, 188, 204). The
particular membrane to which chitin synthase is
attached was, until recently, difficult to identify.
One of the factors negatively influencing the
separation of membrane fractions might be that
mechanical disintegration of the cells before en-
zyme extraction as well as bursting ofprotoplasts
by osmotic shock could cause fragmentation of
cellular membranes and their vesiculation (68).
Using concanavalin A to preserve the integrity

of the plasmalemma, Durain et al. (69) were able
to show that yeast chitin synthase is located
almost exclusively in the plasmalemma. Simi-
larly, isopycnic density gradient centrifugation
of membrane preparations from Phycomyces
blakesleeanus (123) or Candida albicans (39)
points out that the plasmalemma is the principal
site of chitin biosynthesis.

VOL. 43, 1979
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Nevertheless, there have been repeated claims
(183, 186, 204) that the bulk of chitin synthase
is located directly in the cell wall. It is highly
probable that in these cases the wall prepara-
tions were contaminated with the remnants of
cellular membranes, especially plasmalemma, as
it has been demonstrated with cell walls pre-
pared from S. cerevisiae by mechanical disinte-
gration of the cells (245). The fact that fungal
protoplasts can be effectively used for prepara-
tion of the enzyme (3, 133, 188) is also against
predominant location of chitin synthase in the
cell walls. As will be shown later, the location of
chitin synthase, and possibly also of some other
polysaccharide synthases, in the plasmalemma
could be of essential importance for regulation
and spatial organization of cell wall synthesis in
fungi.
The membrane-bound chitin synthase can be

liberated by butanol extraction (98), by digitonin
treatment (63, 70, 101), or by incubation of the
particulate enzyme with the substrate and acti-
vator (215). Whereas both butanol and digitonin
destroy the basic membrane structure, the sol-
ubilizing effect of UDP-GlcNAc together with
GlcNAc is difficult to explain.
Ruiz-Herrera and Bartnicki-Garcia (215) pos-

tulated a working hypothesis according to which
the chitin synthase is released from the mem-
brane structure as soon as it starts the synthesis
of chitin. If it were so, the presence of chitin
synthase in the cell wall would not be surprising.
However, the mechanism by which the substrate
for continuous chitin synthesis would be effec-
tively supplied from the cell to the cell wall is
difficult to envisage. In later experiments of the
same authors and co-workers (215, 216, 218), it
was estabilished that the "soluble" preparation
of chitin synthase consisted in fact of particles
termed "chitosomes."
The molecular weight of chitin synthase from

Coprinus cinereus solubilized by digitonin treat-
ment is of several millions (63); however, in the
presence of high salt concentrations the aggre-
gates dissociate to smaller active subunits with
molecular weights of about 150,000 (101).

Preparations of chitin synthase solubilized
from membranes of Mucor rouxii by incubation
with the substrate and activator (215) or isolated
from the cytoplasm of mechanically disinte-
grated cells (216) contain enzyme granules of
about 35 to 100 am in diameter. On incubation
with UDP-GlcNAc, chitin microfibrils in asso-
ciation with chitin synthase granules are pro-
duced (38, 216). The terminal position of enzyme
granules on the microfibrils formed indicates
that the latter are elaborated by end synthesis
of a large number of parallel chitin chains rather

than by spontaneous random crystallization of
de novo-synthesized chitin molecules (Fig. 3).

Ultrastructural studies revealed a rather com-
plicated structure for chitin synthase particles,
or, as they have been later renamed, chitosomes
(38). Freshly isolated chitosomes appear on ul-
trathin sections as clusters of protein granules
bound within a membranous shell. During fi-
brillogenesis the chitosomes undergo a series of
ultrastructural changes: the protein granules dis-
appear, and, instead, a coiled microfibril of chitin
appears inside the chitosome; the shell of the
chitosome opens, and the chitin microfibril ex-
tends from the particle (218). More recently (18),
functional chitosomes have been isolated from
a series of different genera of fungi, including
yeasts.

Although the chitosomes are fully capable of
synthesizing chitin microfibrills in vitro, their
existence in vivo has not yet been fully con-
firned. With regard to their relatively large di-
mensions, they cannot be considered as integral
components of the plasmalemma or another cel-
lular membrane (average membrane thickness
is 8 to 9 nm). They could possibly represent
containers of chitin synthase conveying the en-
zyme from the site of its synthesis to its desti-
nation at the cell surface, or, eventually, they
could be of artifactual nature. The latter possi-
bility is indicated by the presence of intracellular
enzymes and, in some cases, of ribosomes in the
isolated chitosomes (216). The artifactual nature
of chitosomes is further indicated by the fact
that molecules of chitin synthase solubilized
from the cell walls of M. rouxii by digitonin
treatment associate with one another to form
vesiculoid structures morphologically and func-
tionally resembling chitosomes (S. Bartnicki-
Garcia, C. E. Bracker, and J. Ruiz-Herrera,
Abstr. Int. Mycol. Congr. 2nd, Tampa, Fla., p.
41, 1977).
Perhaps the most remarkable property of fun-

gal chitin synthase is that it exists in cells largely
in an inactive, or zymogenic, state. The inactive
enzyme can be converted to the active form by
limited proteolysis. The phenomenon of prote-
olytic activation was first discovered with yeast
chitin synthase (52) and later confirmed also
with preparations from other sources (3, 50, 102,
107, 122, 164, 182, 215, 219, 220, 260). The zym-
ogenic character of chitin synthase was con-
firmed also in solubilized preparations (70, 215).
Crude preparations of yeast chitin synthase

obtained from protoplast lysates underwent a
slow but significant increase in specific activity
upon standing or storage at low temperatures,
indicating that they might contain some intristic
factor capable of activating chitin synthase. Mild

MICROBIOL. REV.
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FIG. 3. Electron micrographs of isolated chitosomes from M. rouxii incubated with substrate. Chitosome
granules are marked with arrows. (A) Group of chitosomes; (B) isolated chitosome with extending chitin
microfibril. (Reproduced with permission from reference 218.) Bar represents 0.1 ,m.

sonication of the pellets from the protoplast
lystates led to solubilization of the so-called ac-

tivating factor whereby chitin synthase re-

mained insoluble (50). The chitin synthase freed
from the activating factor had only negligible
activity unless it was preincubated with the ac-

tivating factor or with trypsin. Subsequent stud-
ies have shown that the activating factor is a

protease (54) located in some kind of intracyto-
plasmic vesicle, unseparable from the vacuolar
fraction (53). The properties of purified activat-
ing factor were identical with those described
for yeast proteinase B (108, 259), known to be
functional in inactivating yeast tryptophan syn-
thase (109, 221). Other yeast proteases are un-
able to activate chitin synthase, although many
proteases from other sources, for example, tryp-
sin, chymotrypsin, papain, subtilisin, rennilase,
and acid proteinase, are capable of doing so;
however, the activating effects of the individual
proteases are not the same in all cases (164).
The supernatant fraction obtained after lysis

of yeast protoplasts has been found to contain a
heat-stable protein capable of selective binding
to the activating factor, thus rendering it inef-
fective (50). The inhibitor ofthe activating factor
was purified to homogeneity and found to
be a low-molecular-weight peptide (molecular
weight, 8,500) lacking cysteine, methionine, ar-

ginine, and tryptophan (258). L6pez-Romero et
al. (163) isolated from extracts of M. rouxii
another protein capable of inhibiting the in vitro
synthesis of chitin. In contrast to the inhibitor
from S. cerevisiae, the isolated substance did
not interfere with the proteolytic activation of
zymogen by the activating factor, but it directly
inhibited the preactivated chitin synthase.
The discovery of the activating factor and of

its specific inhibitor led to an assumption that
they might be the components of the system
regulating yeast chitin synthase activity in vivo.
The exclusive location of chitin in yeast bud
scars (48, 49, 229) and the observation that its
synthesis is restricted to a limited portion of the
cell cycle (50, 111) strongly indicated that such
a regulatory mechanism could exist. Based on
the described properties of the individual com-
ponents of the system catalyzing the formation
of chitin, a working hypothesis has been pro-
posed by Cabib and co-workers (47, 51) for the
mechanism of regulation of chitin synthase ac-
tivity in yeast (Fig. 4).
How this mechanism might operate in vivo

remains still unclear. The idea is that the vesicles
carrying the activating factor would coalesce
with the plasmalemma at the site of bud for-
mation, fuse with it, and activate the chitin
synthase zymogen at the given site (50). The
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Chitin synthose

Zymogen * Active enzyme

--AF-Inhibitor

Activating factor (AF)
FIG. 4. Scheme for activation of yeast chitin syn-

thase as proposed by Cabib et al. (51).

role of the soluble cytoplasmic inhibitor would
be to inactivate any activating factor that might
be spilled into the cytoplasm, thus preventing it
from uncontrolled action at other than the re-
quired site.
Although plausible, the proposed scheme for

regulation of chitin synthesis in yeast remains
still in the category of working hypotheses. The
reason is that, so far, it has not been unequivo-
cally shown that the proteolytic activation of
chitin synthase is a physiological phenomenon.
Other mechanisms, such as phosphorylation-de-
phosphorylation, group transfer, or removal of
contact inhibition, might be involved as well in
regulation of chitin synthase activity, and the
proteolysis might mimic some of these effects
(46). The doubts about the in vivo activation of
chitin synthase by proteinase B are strengthened
by the already mentioned fact that the yeast
proteinase B, believed to play the role of acti-
vating factor, functions at the same time as the
"inactivating protein" of tryptophan synthase in
yeast (108, 221, 259). Such bifunctionality of the
proteinase B would not be surprising if we knew
more about the relations between the metabo-
lism of tryptophan and the synthesis of chitin in
yeast. Mutants of S. cerevisiae lacking protein-
ase B but apparently having unaltered mor-
phology have also been described (126). It is
possible, however, that the "real" activating fac-
tor of chitin synthase is a minor protease that is
difficult to reveal in the usual protease assays.

Nevertheless, the existence of two forms of
fungal chitin synthase, the zymogen and the
active enzyme, seems to be well proven. With
regard to the crucial morphogenetic role of chi-
tin in fungal cell walls, the interconversion be-
tween the two forms of chitin synthase might
represent a key mechanism for regulating chitin
synthesis and, consequently, wall morphogene-
s1s.
Glucans. The generic name "glucan" covers

a large group of D-glucose polymers differing
both in type and in relative proportions of indi-
vidual glycosidic bonds. The most abundant glu-
cans of fungal cell walls are those with the f8-
configuration, present usually as constituents of

the skeletal ruicrofibrillar portions of the walls.
A relatively smaller group of fungi contain in
their walls glucose polymers linked by a-glyco-
sidic bonds. Except for cellulose, most fungal cell
wall glucans contain mixed glycosidic bonds, for
example, ,8-1,3 and ,8-1,6 in yeast ,/-glucan (169,
170) (Fig. 5). For more details on occurence and
structure of fungal cell wall glucans, the reader
is directed to more specialized articles (e.g., 15,
16, 205, 271, 277).
Contrary to the situation with chitin, surpris-

ingly little is found in the literature concerning
the molecular mechanism of glucan biosynthesis
in fungi. In spite of considerable effort, the nu-
merous attempts (although rarely published) to
demonstrate in vitro biosynthesis of glucan from
different nucleoside diphosphate-glucose pre-
cursors in a cell-free system have failed (46).
The lack of success in most of these experi-

ments indicates that the enzyme system catalyz-
ing the synthesis of wall glucan in fungi is more
delicate and more sensitive to damage than are
the other fungal polysaccharide synthases. It can
be anticipated that the isolation of an active
glucan synthase would require special precau-
tions to minimize its inactivation during the
isolation procedure.

Several factors could be expected to influence
negatively the isolation and the assays of fungal
glucan synthase. (i) Severe mechanical treat-
ment used to disintegrate the cells for extraction
of the enzyme could disturb the spatial relation-
ship of the individual components of glucan-
synthesizing machinery and lead to a loss of its
activity. (ii) The proteases libertated from their
vacuolar compartments during cell breakage or
protoplast lysis could inactivate the glucan syn-
thase by unspecific proteolysis (107, 272). (iii)
The expression of the glucan synthase might be
prevented by its combination with various spe-
cific or nonspecific effectors that might come
into contact with the enzyme during the isola-
tion procedure. (iv) The endogenous glucosi-
dases and glucan hydrolases present in the crude
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FIG. 5. Partial structure of a segment of yeast f8-

1,3-glucan. G, glucopyranose residue. a + b + c com-
prise about 60 glucose residues; the exact lengths of
a, b, and c are unknown. (From Manners et al.
[171].)
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particulate enzyme preparations could hydro-
lyze the product or substrate or both in the
course of the enzyme assay (195).

Nevertheless, several cases have been re-
ported in the literature demonstrating in vitro
biosynthesis ofwall glucan. Wang and Bartnicki-
Garcia (270) isolated from mechanically disin-
tegrated cells of Phytophthora cinnamomi a
particulate fraction catalyzing the incorporation
of radioactive glucose from UDP-["4C]glucose
into a glucose polymer containing both ,B-1,3-
and ,8-1,6-glycosidic bonds. The highest specific
activity of glucan synthase was found in the
fraction enriched in cell walls. The small yields
of the product and the complexity of the enzyme
preparation used precluded better characteriza-
tion of the product. In more recent experiments
the same authors (272) took precautions to min-
imize the formation of proteases in the growing
fungus by increasing the concentration of glu-
cose in the growth medium. The mixed mem-
brane fraction (devoid of cell walls) prepared
from such cells catalyzed massive formation of
fl-glucan microfibrils from UDP-glucose. Inter-
estingly, the treatment of the enzyme prepara-
tion with typsin caused a nearly twofold in-
crease of glucan synthase activity, indicating
that at least a part of the enzyme was present in
zymogenic form or was hindered from the access
of the substrate (272). Disaccharides, such as
cellobiose, stimulated the synthesis of glucan in
the cell-free system. The product was character-
ized on the basis of its digestibility with purified
fungal exo-1,3-,8-glucanase and X-ray diffrac-
tion. The results showed the absence of 8)-1,6-
glycosidic linkages in the product, indicating
that it consists entirely of,-1,3-glucan chains
(272).
Using cellular homogenates of Cochliobolus

miyabeanus, Namba and Kuroda (195, 196)
demonstrated incorporation of [14C]glucose from
UDP-['4C]glucose into a polysaccharide precip-
itable with ethanol. Chemical and structural
analysis ofthe reaction product showed the pres-
ence of both ,-1,3- and f-1,6-glycosidic linkages
between the individual glucose units (196).
In whole cells of S. cerevisiae made permeable

with toluene-ethanol treatment, Sentandreu et
al. (231) observed incorporation of labeled glu-
cose from UDP-['4C]glucose into 8l-1,3-glucan.
The radioactive glucan was recovered from the
cell homogenate in a membrane fraction by
means of differential centrifugation. However,
when the membrane particles themselves were
assayed for glucan synthase activity, none was
detected (231). Attempts to detect the partici-
pation of a lipid intermediate in the described
reaction have failed.

Balint et al. (8) prepared from the yeast S.
cerevisiae a particulate enzyme system com-
posed of mixed membrane fraction catalyzing
the formation of fB-glucans from both UDP-
[14C]glucose and guanosine 5'-diphosphate
(GDP)-['4C]glucose. Practically no activity was
found in the wall fraction. The enzyme prepa-
ration appeared to contain two independent glu-
cosyltransferase activities, one using UDP-glu-
cose and the other one using GDP-glucose as
the respective substrates. A great portion of the
radioactivity incorporated was liberated from
the particles by mild alkali treatment, indicating
that at least a part of the synthesized glucans
were of low molecular weight, possibly attached
to particles via bonds to protein. Digestion of
the respective products with different, partially
purified,8-glucanases indicated that the product
from UDP-glucose contained a higher propor-
tion of 8-1,3 bonds whereas the product from
GDP-glucose was more abundant in ,8-1,6 bonds
(8).
In a imilar system L6pez-Romero and Ruiz-

Herrera (165) detected the formation of mixed
,B-1,3- and ,-1,6-glucan from UDP-glucose as the
glucosyl donor, whereas the amount of radioac-
tivity incorporated from GDP-glucose was neg-
ligible. Contrary to the findings of Balint et al.
(8), the highest specific activity of glucan syn-
thase was found in the cell wall fraction.

Biosynthesis of /?-glucan from UDP-glucose
was described in less detail also in the Neuro-
spora system (186), where glucan-synthesizing
activity was confined mostly to the cell walls.
Fevre and Dumas (84) demonstrated the bio-

synthesis ofpolysaccharides ofthe cellulose type
by cell-free extracts from Saprolegnia monoica,
using UDP-glucose as the substrate. The reac-
tion was stimulated by the presence of Mg2" and
cellobiose. High substrate concentrations in-
creased the proportion of alkali-insoluble glu-
cans formed in the reaction mixture.
The highest specific activities of glucan-syn-

thesizing enzymes have been found in cell wall
and microsomal fractions, and they have been
higher in branched hyphae than in unbranched
mycelia. Practically no glucan synthase activity
has been found in cytoplasm; however, the latter
contained a thermolabile component capable of
inactivating particulate glucan synthase.
From the results described above, it is appar-

ent that also in the case of glucan biosynthesis
uncertainty eists concerning the cellular loca-
tion of glucan synthase. The physicochemical
properties of,-glucan, namely, its insolubility
and high degree of crystallinity, indicate that its
synthesis occurs most probably in situ, i.e., in
the cell wall or at the outer surface of plasma-
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lemma. The extracytoplasmic location ofglucan-
synthesizing enzyme(s) is also supported to a
certain degree by the observation that germi-
nating cysts of Phytophthora incorporated ra-
dioactivity from exogenously added UDP-['4C]-
glucose into their walls (178). No proof, however,
was presented to exclude the possibility that
added UDP-[14C]glucose was split by extracel-
lular hydrolases, thus enabling the permeation
of radioactive glucose into the cell. Clearly, the
problem of cellular location of glucan synthase
(as well as of other polysaccharide synthases)
requires further careful examination.
Polysaccharide-protein complexes. Poly-

saccharides covalently linked to protein repre-
sent in some fungi, but especially in yeasts, a
principal cell wall constituent (15, 205). Struc-
turally and functionally, the fungal glycoproteins
show many similarities with the protein-polysac-
charide complexes of higher organisms. For this
reason, the fungal glycoproteins can be consid-
ered as very appropriate models to study the
general aspects of glycoprotein structure, func-
tion, and biosynthesis.
The most systematic study on fungal glyco-

proteins has, so far, been performed with yeast
mannan. Recent reviews by Ballou (9) and Cabib
(46) comprehensively summarize from different
points of view the present knowledge on this
subject. Nevertheless, for the sake of complete-
ness I will briefly review the older facts and try
to give a more updated version of the achieve-
ments in this area.
Yeast mannan is a polymer composed of pro-

tein and two carbohydrate moieties differing in
their structure and mode of attachment to the
peptide (Fig. 6). The polysaccharide moiety is
represented by an a-1,6-linked polymannose
backbone to which short chains of mannosyl
units linked together by a-1,2- and a-1,3-glyco-
sidic bonds are attached predominantly by
means of an a-1,2 bond. The polysaccharide
moiety is linked via a diacetylchitobiose bridge
by an N-glycosidic bond to an asparaginyl resi-
due in the protein part of the molecule (191).
The second carbohydrate moiety of yeast man-
nan consists of short mannooligosaccharides
containing both a-1,2- and a-1,3-glycosidic bonds
attached at their reducing ends by an O-glyco-
sidic linkage to serine or threonine residues or
both in the protein, from which they can be
liberated by /3-elimination in weak alkali (190,
234, 235). A species of mannoprotein containing
only the O-glycosidically linked carbohydrate
moiety has been described in Hansenula wingei
(275).
The biosynthesis of mannan has been inves-

tigated from different aspects, such as the mech-
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FIG. 6. Structure ofyeast mannan. M, Mannopyr-
anose residue; P, phosphate; Asn, asparagine; Ser,
serine; Thr, threonine. (From Nakajima and Ballou
[191])

anism of polymerization of mannosyl units, cel-
lular location of individual reactions, mode of
transport of mannoproteins from the site of syn-
thesis to the cell wall, and others.

(i) Biosynthesis. The structural complexity
of the yeast mannan molecule suggests that its
formation would require participation of a mul-
tienzyme system consisting of different glycosyl-
transferases. It has been estimated (9) that at
least 10 mannosyltransferases, each of them cat-
alyzing the formation of a specific glycosidic
bond, are involved in the biosynthesis of carbo-
hydrate moieties of the mannoprotein molecule.

All mannosyl units in the mannan molecule
originate from GDP-mannose as the mannosyl
donor (1, 24). In some cases, however, the trans-
fer of mannosyls to mannan does not occur
directly but through intermediates of lipophilic
nature (233, 249). The intermediates have been
isolated and characterized as belonging to the
group of dolichol phosphates containing 16 to 18
polyisoprene units in their molecules (127, 233).
The participation of dolichol phosphates

seems to be undoubted, especially in transfer of
those glycosyl units that are directly linked to
protein. For example, the attachment of the first
mannosyl unit to serine or threonine by forma-
tion of an O-glycosidic bond to the peptide in-
volves a two-step mechanism in which the man-
nosyl unit from GDP-mannose is first trans-
ferred to dolichol phosphate and, in the second
step, transferred from the formed dolichol mono-
phosphate-mannose to the protein acceptor ac-
cording the following sequence (6, 236): (i) GDP-
mannose + dolichol phosphate -- dolichol phos-
phate-mannose + GDP; (ii) dolichol phosphate-
mannose + protein (serine or threonine) -- pro-
tein (serine or threonine)-mannose + dolichol
phosphate. The mannosyl unit, once attached in
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this way to protein, can be further mannosylated
without involvement of dolichol phosphate (6).
The formation of the N-glycosidically linked

inner core involves a similar, but more compli-
cated, reaction sequence. The first step in this
process is the formation of dolichol pyrophos-
phate-GlcNAc from dolichol monophosphate
and UDP-GlcNAc (152). By a sequence of fur-
ther transglycosylic reactions, another unit of
GlcNAc is added, and the formed dolichol py-
rophosphate-N,N'-diacetylchitobiose is further
mannosylated by one mannosyl unit attached by
a ,-1,3 bond and by one or more mannosyl units
mutually linked by a-glycosidic bonds (152, 154,
194, 202, 203). There is preliminary evidence (67;
W. Tanner, personal communication) to suggest
that the subsequent mannosylation of the lipid-
linked N,N'-diacetylchitobiose proceeds, at least
partly, with involvement of dolichol monophos-
phate-mannose as the immediate mannosyl do-
nor. In a final step the lipid-bound oligosaccha-
ride is transferred to a protein acceptor with
formation of an N-glycosidic bond (Fig. 7).
From the experiments in vitro it is difficult to

ascertain what size the lipid-bound oligosaccha-
ride can attain before it is transferred to protein.
The smallest transferable unit seems to be the
N,N'-diacetylchitobiose (155, 194), but the size
of lipid-bound oligosaccharide can reach over 12
hexose units (154, 202, 203). Thus, it seems very
likely that the formation of the whole inner core
of the polysaccharide moiety in the mannan
molecule, comprising about 12 to 17 mannosyl
units attached to N,N'-diacetylchitobiose (192),
can take place on the lipid. The reaction se-
quence of biosynthesis of the N-asparaginyl-
linked carbohydrate moiety in yeast mannan

FIG. 7. Scheme showing the possible sequence in
biosynthesis ofthe "inner core" ofyeast mannan and
the role of glycosylated dolichol phosphates. Dol-P,
Dolichol phosphate; Dol-PP, dolichol pyrophos-
phate; Pi, inorganic phosphate; Man, mannose; Asn,
asparagine. x + n = 0 to 17.

strikingly resembles the situation found in var-
ious mammalian (25, 59, 117, 157) and plant
(149) systems.
Although the syntheses of both carbohydrate

moieties in the molecule of yeast mannan pro-
ceed independently (82), it is not known whether
the same dolichol monophosphate is used for
transfer of mannosyl units to both the polyman-
nose portion and the O-glycosidically linked ol-
igosaccharides. That this could be is indicated
by the observation that in liver microsomes (262)
the same dolichol phosphate serves for transfers
of mannose, glucose, and N-acetylglycosamine
from their respective nucleoside diphosphates to
endogenous acceptors.

Once linkage of the inner core oligosaccharide
to the peptide acceptor has been established, the
further elongation and branching of the poly-
mannose region of the glycopeptide occur ap-
parently by a direct transfer of mannosyl units
from GDP-mannose (155). The order of the for-
mation of individual types of glycosidic bonds
between the mannosyl units and the sizes of the
side chains are most probably determined by the
presence of individual mannosyl transferases
and their substrate specificities.
The latter assumption comes from the results

of experiments with yeast mannan-synthesizing
enzyme systems where mannose and short man-
nooligosaccharides with defined structures were
used as exogenous acceptors for transfer of man-
nosyl units from GDP-mannose (81, 151, 193,
243). For example, free mannose can serve as
the acceptor for the a-1,2-mannosyltransferase
(81, 151, 193) while the a-1,6-mannooligosac-
charides serve as substrated for both the a-1,6-
mannosyltransferase (81, 193) and the a-1,2-
mannosyltransferase (193). The mannotetraose
containing an a-1,3-linked mannosyl unit at the
nonreducing end accepts a new mannosyl unit
at position C-6 of the reducing terminal mannose
(193). A mannosylphosphate transferase isolated
from S. cerevisiae catalyzes the transfer of man-
nosyl-l-phosphate from GDP-mannose to posi-
tion C-6 of the penultimate mannosyl unit in
reduced a-1,2-linked mannotetraose (129). No
evidence was obtained that a lipid-bound man-
nosylphosphate derivative was involved in the
reaction.
The molecular mechanisms of mannoprotein

synthesis in other yeast species and different
fungal genera have not been studied to such an
extent as with S. cerevisiae. In the biosynthesis
of phosphomannan of Hansenula yeast species,
GDP-mannose serves as the donor of both man-
nosyl units and the phosphate (41, 138, 179), the
latter being transferred from the sugar nucleo-
tide in the form of mannosyl-l-phosphate (41).
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The enzyme system isolated from Hansenula
species catalyzes the formation of-both N-gly-
cosidically and O-glycosidically linked carbohy-
drate moieties (40) with the participation of
dolichol monophosphate as the lipid intermedi-
ate (42, 43).
A particulate enzyme system isolated from

Cryptococcus laurentii catalyzes the transfer of
mannose from GDP-mannose to endogenous as
well as to exogenous low-molecular-weight ac-
ceptors with the formation of a-1,2-, a-1,3-, and
a-1,6-mannosyl linkages and a mannosyl-xylosyl
linkage (225, 226). In the same system UDP-
xylose and UDP-galactose serve as the donors
of xylosyl (227) and galactosyl (211) units for the
formation of cell wall heteropolysaccharides. In
Kluyveromyces lactis the UDP-GlcNAc serves
as the source of terminal GlcNAc units in the
side chains of the wall mannan (243).
Hyphal fungi contain relatively little glycopro-

tein in their cell walls when compared with
yeasts (15). Owing to this fact, studies dealing
with the mechanism of biosynthesis of the gly-
coprotein components of hyphal walls are com-
paratively scarce. In Aspergillus niger, GDP-
mannose has been reported (160) to serve as the
donor in the transfer of mannosyl units to en-
dogenous acceptors. Formation of a polyprenol
phosphate-mannose serving as the intermediate
in some mannosyltransferase reactions has also
been observed (158, 159). A similar mannosyl-1-
phosphorylpolyisoprenol has been discovered
also in N. crassa, where it apparently serves as
an obligatory intermediate in the transfer of
mannosyl units to peptide acceptors (99).
A particulate enzyme preparation isolated

from Penicillium charlesii catalyzed the incor-
poration of mannosyl units from GDP-mannose
into both endogenous acceptors and added pep-
tidophosphogalactomannan (92). Under these
conditions, the transfer of mannose into both
the O-glycosidically linked oligosaccharide and
the phosphogalactomannan region of the glyco-
peptide acceptor was observed. About 10% of
the mannosyltransferase activity could be solu-
bilized from the membranes by treatment with
Triton X-100. The solubilized enzyme incorpo-
rated mannosyl units from GDP-mannose pre-
dominantly into the phosphogalactomannan re-
gion of the acceptor, whereas the remainder of
the activity, not solubilized by the detergent,
catalyzed the formation of mannopyranosyl-
(seryl/threonyl) linkages in the peptidophos-
phogalactomannan (93). So far, no participation
of mannosyl-linked lipid intermediates in these
reactions has been detected.

(ii) Regulation. The biosynthesis of yeast
mannan in vivo appears to depend intimately on
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undisturbed protein synthesis. When the for-
mation of proteins is blocked by cycloheximide
in intact cells (74) or protoplasts (80, 162, 256,
261), the formation and extracellular appearance
of mannoproteins and mannoprotein enzymes
are halted after a short delay. Cycloheximide
does not affect the activity of the isolated man-
nan-synthesizing enzyme system (80, 232); nei-
ther does it influence the relatively low turnover
of the corresponding enzymes (75). Hence, it is
probable that blocking of mannan synthesis by
cycloheximide reflects exhaustion of the pool of
peptides serving as acceptors for mannosyl
transfer. The inhibition ofmannoprotein synthe-
sis by cycloheximide is accompanied by a
marked increase in the pools of GDP-mannose
and UDP-GlcNAc (232,256), the glycosyl donors
for biosynthesis of carbohydrate portions of the
mannan.
Mannosylation of at least some intracellular

proteins seems to be a necessary prerequisite for
their transport across the plasma membrane to
the cell exterior. Impediment of mannosylation
by 2-deoxyglucose in the presence of glucose or
fructose as respective carbon sources (80, 139,
141, 162, 261) or by tunicamycin (142, 143) re-
sults in inhibition of the formation and secretion
of the exocellular mannoprotein enzymes inver-
tase and acid phosphatase.
Whereas tunicamycin interferes with the gly-

cosylation of proteins (142, 143) through inhibi-
tion of the N-acetylglucosaminyl-transferase
catalyzing the formation ofthe intermediate dol-
ichol pyrophosphate-GlcNAc (153), the inhibi-
tion of glycosylation by 2-deoxyglucose seems to
be of a more complex nature (139). 2-Deoxyglu-
cose inhibits the mannosylation of proteins by
interfering with the conversion of glucose to
mannose at the level of their 6-phosphates (141,
273). In addition, the GDP-2-deoxyglucose
formed in cells cultivated in the presence of 2-
deoxyglucose (31) could act as a competitive
inhibitor in the mannosylation reaction (35, 150,
217).
There seems to operate quite an effective feed-

back mechanism controlling the synthesis of
non-glycosylated forms of extracellular enzymes
under conditions ofinhibited glycosylation, since
no substantial accumulation of carbohydrate-
free forms of these enzymes in the cytoplasn
takes place (142, 162, 261). The existence of such
a regulatory mechanism is strongly indicated
also by the finding that a mannose-deficient
mutant of Schizosaccharomyces pombe is un-
able to synthesize the carbohydrate-free forn of
acid phosphatase, despite derepression condi-
tions, when mannosylation is blocked by the
absence ofmannose in the growth medium (224).
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Somewhat contradictory resultsmere obtained less, the mechanism by which control over gly-
by'Moreno'et al. (189), who observed'an'accu- coprotemi secretionby'glyc'syl'ation is executed
mulation of the light and intermediate, partially remains still a subject of speculation. One of the
glycosylated forms of yeast invertase at the ex- possibilities is that the glycosylation of nascent,
pense of heavy, fully glycosylated enzyme when membrane-associated proteins facilitates, by
cells were incubated in the presence of 2-deox- mutual interaction of hydrophilic carbohydrate
yglucose. groups, the pinching-off and vesiculation of por-

(iii) Localization of reactions. The experi- tions of the membranes of the endoplasmic re-
mental evidence indicates that the biosynthesis ticulum whereby the glycosylated parts of the
of mannan starts at an early stage in the for- glycoproteins are facing the vesicle interior and
mation of its protein moiety. Short pulses of the protein moieties remain temporarily associ-
["C]mannose to growing yeast protoplasts fol- ated with the enclosing membrane.
lowed by their lysis and subcellular fractionation Another open question is the mechanism of
revealed that the nascent polypeptide is glyco- glycoprotein secretion. Two models for glycopro-
sylated by small amounts of mannose, glucosa- tein transport have been proposed: (i) reverse
mine, and, surprisingly, glucose (217). This ini- pinocytosis of carrier vesicles which after fusion
tial glycosylation apparently represents the for- with the plasmalemma would discharge their
mation of linkage regions between the protein contents into the cell exterior (see, for example,
and carbohydrate moieties in the mannan, as Grove et al. [104]), which would be a process
judged from the participation of dolichol phos- analogous to glycoprotein secretion in higher
phate-mannose in the glycosylation reaction organisms (175), (ii) free "diffusion" of glycopro-
(147). tein macromolecules across the plasmalemma
The cellular location of mannosyltransferases without involvement of secretory vesicles (184).

was studied by using different techniques, in- The participation of vesicles in glycoprotein
cluding autoradiography (136), cytochemical transport in fungi seems to be well established.
staining (267), and subcellular fractionation on Numerous examples can be found in the litera-
urografin gradients (61, 136, 148). The latter ture showing an accumulation of vesicles near
experiments have shown that the highest spe- the extending zones of the cell walls (28, 57, 114,
cific activity of mannosyltransferases resides in 121, 176, 187). Chemical and histochemical anal-
the membranes of the endoplasmic reticulum; yses of the contents of the secretory vesicles
however, a significant portion of activity has shows that they contain a large proportion of
been found also in other membrane fractions, cell wall matrix material (28, 62, 104). Another
including the plasmalemma. function of vesicles could be that they might

Analysis of products synthesized by different supply new material for the extension of the
membrane fractions confirmed the observation plasmalemma (17, 253).
(147) that the membranes of the endoplasmic What forces direct the secretory vesicles to-
reticulum possess the highest specific activity of wards the sites of active cell wall growth remains
those mannosyltransferases requiring dolichol to be established. Theoretically, the movement
phosphates as intermediates for mannosyl trans- of organelles in the cytoplasm could be organized
fer (148). On the other hand, the cytoplasmic either by cytoplasmic streaming, by a system of
vesicles and plasmalemma exhibited increased microtubules, or by electric forces. The existence
activity of enzymes participating in the elonga- of an electrical potential between the apex and
tion of oligo- and polymannose chains, not re- subapical regions in fungal hyphae (241, 253)
quiring the participation of dolichol phosphates would speak in the favor of the latter possibility.
(148,174). However, the participation of microtubules in
These data imply that the fornation of man- directing the secretory vesicles cannot be ex-

noproteins is a vectorial process involving the cluded, especially in view of the finding of Byers
transfer of nascent polypeptides along the mem- - and Goetsch (45), who observed bundles of mi-
branes of the rough and smooth endoplasmic crotubules extending from the nuclear plaque
reticula and the Golgi cistemae and finally trans- into early buds in S. cerevisiae.
port across the plasmalemma, accompanied on
this route by stepwise addition ofmannosyl units Formaton of Wall Fabrc
to the growing carbohydrate chains. With regard to the structural complexity and
The role of glycosylation in this translocation mechanical integrity of the cell wall, it is un-

is far from clear. The results obtained with doubted that the final steps in the formation of
yeasts as models seem to support Eylar's (78) the cell wall take place extracellularly, i.e., in
proposal that the glycosylation of proteins ena- situ. The formation of the cell wall fabric from
bles their passage to the cell exterior. Neverthe- its macromolecular constituents must involve
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association of subunits, their cross-linking, and
their aggregation into a supramolecular struc-
ture with defined chemical composition and
morphology.

In contrast to the well-established presence of
polysaccharidehydrolases in the cell walls and
periplasmic space (e.g., 14, 83, 85, 168, 206), there
is, so far, no evidence about the existence of
ligase-type enzymes catalyzing the formation of
chemical linkages between the individual mac-
romolecular components of the wall. Besides the
noncatalytic formation of disulfide bridges be-
tween the protein moieties of wall glycoproteins,
a great role undoubtedly is played by the self-
assembly of subunits in the formation of wall
fabric with participation of physicochemical in-
teractions. As such can be considered, for ex-
ample, the formation of fibrils of insoluble skel-
etal polysaccharides by rapid crystallization of
formed subunits (71) or polysaccharide frag-
ments produced by the attack of polysaccharide
hydrolases in the process of cell wall extension.
Some information about the process of cell

wall assembly in fungi could be obtained by
experiments in vitro involving dissociation and
reassociation of wall components. Similar exper-
iments have been successful, so far, with rela-
tively simple biological structures, such as ribo-
somes (144), virus particles (72), bacterial flag-
ella, and the like (145). Hills (113) was able to
demonstrate in vitro dissociation and reassem-
bly of glycoprotein-composed cell walls of
Chlamydomonas reinhardi after their dissolu-
tion in 8 M lithium chloride and subsequent
dialysis ofthe solution against water. A "nucleat-
ing agent," insoluble in 8 M lithium chloride,
was required to initiate cell wall reassembly.
However elegant they may be, such experiments
do not necessarily indicate the real sequence of
events in the assembly process when proceeding
mn vivo.
Although at present no means exist to disso-

ciate the complex fungal walls without denatur-
ation of their basic components, certain possi-
bilities for overcoming this obstacle are repre-
sented by the use of fungal protoplasts. The
protoplasts under suitable conditions produce
and secrete practically all the cell wall constitu-
ents (146, 198, 265). The insoluble wall compo-
nents remain during this process in the form of
a microfibrillar network in close proximity to the
protoplast surface while the soluble components
of glycoprotein nature diffuse away into the
surrounding medium. When the fibrillar poly-
saccharide net formed at the protoplast surface
is dense enough or when the diffusion of soluble
material is prevented by an artificial permeabil-
ity barrier, such as embedding the protoplasts in
a gel, regeneration of the cell wall takes place
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(198). The increased concentration of cell wall
building elements at the surface of the proto-
plasts apparently facilitates their mutual contact
and cross-linking by chemical and physico-
chemical interactions and leads to the formation
of the new compact wall (for more comprehen-
sive descriptions of the process of cell wall re-
generation, see, for example, 198, 205, 263, 265).
The formation of new portions of the cell wall

in vegetative fungal cells may involve a similar
mechanism. The difference is that here the nas-
cent cell wall constituents are being locally in-
corporated into the preexisting cell wall struc-
ture playing the role of template by ordering the
proper position and assembly of the newly ar-
rived macromolecules.
The number of chemical and physicochemical

links in the cell walls apparently increases with
the cell age, as is indicated by the observation
that the older portions of the walls are more
resistant to attacks by endogenous (207) as well
as exogenous (44, 198, 263) polysaccharide hy-
drolases.

Metabolic Stability of the Wall
Some bacteria exhibit extensive turnover of

cell wall components during the active growth
(e.g. 36, 274). Although the exact mechanism is
not known, it is assumed that the autolytic en-
zymes (autolysins) present in the periplasmic
space or in the wall cause the dissolution of wall
material, its release into the medium, and its
eventual reutilization by the cells.
The isolated cell walls of many fungi exhibit,

due to the presence of different polysaccharide
hydrolases, appreciable autolytic activity (e.g.
14, 83, 85, 206). Although these enzymes are
supposed to be involved primarily in cell wall
weakening during growth and other morphoge-
netic processes, a question arises as to whether
their action on the cell wall could cause appre-
ciable turnover of the individual cell wall com-
ponents and their exchange with the monomers
in the cytoplasm during vegetative growth.

Pulse-chase experiments with cells of Asper-
gillus clavatus labeled with radioactive glucose
revealed that glucose and GlcNAc became met-
abolically inert once they had been incorporated
into the wall polymers (60). A similar conclusion
has been drawn from experiments with cells of
S. cerevisiae whose cell wall mannan was selec-
tively labeled with 2-deoxy-D-[3H]glucose, D-
[I4C]mannose, or when the cell wall was univer-
sally labeled with D-[14C]glucose (140). After
transferring the yeast cells from radioactive into
non-radioactive growth media, the radioactivity
in the cell walls persisted for at least three
generations.

Nevertheless, there are indications that under
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limiting conditions, or in certain periods of the
life cycle, the cell wall polysaccharides may serve
as a metabolic reserve. In a quantitative study
on the changes of a-1,3-glucan in the cell wall of
Aspergillus nidulans, Zonneveld (278) has ob-
served a marked decrease of a-1,3-glucan con-
tent in the cell walls, accompanied by an increase
of a-1,3-glucanase activity during cleistothecium
development induced by glucose depletion from
the medium.

Stationary-phase yeast cells when transferred
to a fresh growth medium exhibit a sudden fall
in the mannan content of their walls accompa-
nied by an increase in a-mannanase activity
(257). A similar reutilization of the mannan frac-
tion of yeast cell walls is observed in the course
of starvation of the cells (167). The contents of
glucose, xylose, and other saccharides in the cell
wall gradually decrease also during prolonged
spontaneous autolysis of the mycelium ofAsper-
gillus terreus (145a). Capsular polysaccharides
produced and released into the medium by some'
yeasts exhibit in some cases striking structural
similarities with the cell wall components (205).
Capsular material could either originate from
the upper glycoprotein layer of the walls or
represent surplus production of cell wall com-
ponents.
These examples point out that the cell wall of

fungi is by no means a stable, metabolically inert
structure serving merely as a protective shell for
the metabolically active protoplast. It is a "liv-
ing" organelle whose functions may vary with
environmental conditions and in the course of
cell and life cycles.

MORPHOGENETIC ASPECTS
Topology of Wall Growth

From the accumulated knowledge on the proc-
ess of cell wall construction, it becomes increas-
ingly obvious that the wall's morphology de-
pends not only on its chemical structure but also
largely on the mode of its construction, i.e., on
the topology of wall growth.
The idea that fungal hyphae grow by incor-

porating new cell wall material at the wall apex
has become one of the basic dogmas of fungal
cytology (17, 212, 242, 253). The data supporting
this view originate from numerous studies based
on microscopy (97, 212), autoradiography (19,
22, 89, 90, 100, 131), and fluorescent labeling (90,
121, 173, 253), among other methods. On the
other hand, a spherical shape is considered to be
the result of uniform layering of new cell wall
material over the entire cell surface (19, 22).
Autoradiographic observations indicate that the
ellipsoidal shape of yeast cells is acquired by
participation of both polarized growth and

spherical extension (33, 79, 251).
Supposing that in principle the molecular

mechanisms involved in the process of cell wall
formation are essentially the same or very simi-
lar in various morphological types, a basic ques-
tion arises about how these processes are regu-
lated so that the characteristic shape is gener-
ated.

Several hypotheses have been put forward in
the past to explain the mechanism of cell wall
formation and morphogenesis in fungi. Johnson
(125) suggested that the cell wall is elaborated
with participation of both synthetic and lytic
processes. According to his hypothesis, the
preexisting rigid cell wall structure is first at-
tacked by specific cell wall-bound polysaccha-
ride hydrolases, and the gaps formed are then
filled with newly synthesized cell wall material.
The continual repetition of this process would
ensure the growth of the cell wall without dis-
turbing its overall integrity.
The results from different laboratories have

shown that, indeed there exists a delicate bal-
ance between the synthetic and lytic processes
in the cell wall (21). Whenever this balance is
disturbed, morphological aberrations or lysis or
both occur. For example, inhibition of chitin
synthesis by polyoxin D causes bulging and lysis
of hyphal cells of M. rouxii (20). Similarly, in-
hibition of wall glucan synthesis in yeast by 2-
deoxyglucose or 2-deoxy-2-fluoroglucose leads to
morphological changes and often to lysis of cells
(32, 34, 35, 125, 239). Inhibition of chitin synthe-
sis and stimulation of cell wall hydrolases by
increased temperature causes distortions and
lysis of cell walls in hyphae ofA. nidulans (132).
On the other hand, inhibition of wall-plasticizing
glucanases by 8-gluconolactone causes cessation
of wall growth in auxin-induced yeast cells (237).
The morphogenic effects of polyoxin D and the
deoxyanalogs of glucose in fungal cells resemble
the action of penicillin on the cell wall formation
and morphogenesis in bacteria (e.g., 228).
To explain the morphological development of

fungal cell walls, Bartnicki-Garcia (17) postu-
lated the so-called unitary model of wall growth.
In his model cell wall growth is considered as a
result of cumulative action of minute hypothet-
ical units of wall growth at the cell surface. The
units of wall growth are supposed to contain
both lytic and synthetic enzymes involved in the
formation of wall fabric. Accordingly, cell mor-
phology is determined by the distribution pat-
tern of the hypothetical growth units. Thus,
apical growth would be the result of concentra-
tion of growth units at the hyphal tip, whereas
spherical morphology would result from uniform
distribution of growth units over the whole cell
surface. Although plausible, the above hypoth-
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esis lacks an explanation of how the distribution
pattern of postulated growth units is determined
and maintained and how their activity is regu-
lated.
From the observation that the yeast form of

Paracoccidioides brasiliensis contains a-1,3-
glucan as the main cell wall component, whereas
the mycelial wall of the same species is com-
posed predominantly of ,B-1,3-glucan (56), Ka-
netsuna et al. (128) proposed a hypothesis ac-
cording to which the temperature-induced
yeast-to-mycelial reversion is due to local acti-
vation of f,-glucan synthesis at the expense of
a-glucan formation.

If we are to find a more realistic answer to the
problem of regulation of morphological devel-
opment, we must consider the characteristics
and regulatory properties of the enzymes in-
volved in cell wall construction, as well as all
factors that could influence this process in living
cells. A good starting point in this direction
might be the already described hypothesis of
Cabib and co-workers (46, 50, 51) explaining the
formation of yeast primary septum by tempo-
rally and spatially localized activation of plas-
malemma-bound chitin synthase. Although orig-
inally intended to explain only the special case
of septum formation, the concept of regulation
of morphogenetic events through changes in the
activities of preexisting polysaccharide syn-
thases could find a more general application.
The latter possibility seems to be supported by
numerous, often unaimed observations made
with fungi and fungal protoplasts, as can be seen
from the following examples.
Removal of the fungal cell wall by enzymic or

other suitable treatment liberates protoplasts
that under certain conditions are capable to
regenerate their cell walls. The polysaccharide
synthases are set into operation, and usually
after a short period of time a network of poly-
saccharide microfibrils is formed on the proto-
plast surface (e.g., 198, 265). In all cases, how-
ever, the formation ofnew a cell wall around the
portoplast is isodiametric, i.e., the shape of the
regenerated cell is independent from the mor-
phology of the parent cell type (e.g. 88, 94, 198,
265); A. Svoboda and 0. Necas, Proc. Int. Symp.
Yeasts 4th, Vienna, Austria, 1974, D13, p. 215).
The shape of the regenerated protoplast is
rounded or irregular, depending on the proper-
ties of the surrounding medium, and the thick-
ness of the newly formed wall is uniform over
the whole protoplast surface. It is usually only
after several generations that regenerated cells
regain their original characteristic morphology
(Fig. 8).
Experimental evidence shows that the for-

mation of skeletal, microfibrillar components of
the wall on the protoplast surface is to a great
degree independent from protein synthesis (64,
198, 199). In some cases it was observed that
blocking protein synthesis in regenerating pro-
toplasts (64, 256) or intact cells (74) even stim-
ulates to some extent the formation of skeletal
wall polysaccharides. The diminished presence
of glycoprotein wall components at the surface
of the protoplast of Candida utilis regenerating
in liquid medium is accompanied by an about 20
times higher accumulation of chitin in the regen-
erated walls in comparison with the chitin con-
tent ofnormal walls (95). An increased formation
of chitin wall component was observed also in
protoplasts of S. cerevisiae regenerating in a
liquid medium containing [14C]glucose as the
sole carbon source (V. Farkas and A. Svoboda,
unpublished data).
Another example of the independence of skel-

etal wall polysaccharide formation from protein
synthesis is provided by the encystment of zoo-
spores of Blastocladiella emersonii, Phyto-
phthora palmivora, and others. In these cases
also, blocking of protein synthesis by cyclohexi-
mide does not prevent the formation of a chitin-
ous sheath during the encystment of zoospores
(166, 230, 244).
A conclusion may be drawn from these obser-

vations that the enzymes responsible for skeletal
wall polysaccharide synthesis are synthesized
constitutively and that they are relatively stable
against turnover. The absence of protein synthe-
sis does not inhibit their function; on the con-
trary, in some cases the absence of protein syn-
thesis even stimulates their function. At this
point it is tempting to speculate that this prop-
erty of fungal cell wall-synthesizing enzymes
may be of vital importance for survival in many
fungi; it enables them to complete the life cycle
and undergo sporulation even under unfavorable
conditions, such as the limitation of cell metab-
olism by lack of nutrients or other negative
circumstances.

Furthermore, the above results seem to indi-
cate that it is essentially the presence of the cell
wall or contact with some extracytoplasmic com-
ponents that hinders the expression of cryptic
polysaccharide synthases in the plasmalemma.

Conceivably, loosening the contact between
the cell wall and plasmalemma could bring about
the activation of polysaccharide synthesis. Dis-
tortion ofthe contact between the plasmalemma
and cell wall can be achieved not only by com-
plete removal of the wall, as is the case with
protoplasts, but also in the intact cells by purely
physical means, such as osmotic shock or me-
chanical vibration. For example, rapid transfer
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FIG. 8. Regeneration and reversion ofprotoplasts oftheyeast Trigonopsis variabilis after 40 h ofincubation
in osmotically stabilized growth medium containing 30% gelatin. (Courtesy ofA. Svoboda.) Bar represents 10

of cells from diluted buffer into medium with
high osmolarity causes plasmolysis in A. niger
whereby the normal apical pattern of wall
growth is disturbed and formation of abnormal
numbers ofbranchings and septa is induced (131,
246). Repeated changes in the osmolarity of the
growth medium induces the formation of multi-
ple layers of wall material on the surface of
regenerating yeast protoplasts (A. Svoboda, un-
published data).

Autoradiography of hyphal cell walls isolated
by mechanical disintegration of M. rouxii cells
incubated with UDP-[3H]GlcNAc revealed that
in a great number of cases the apical pattern of
labeling was lost, possibly as a consequence of
the mechanical treatment of cells before auto-
radiography (unpublished data of J. Mc-
Murrough, A. Flores-Carre6n, and S. Bartnicki-
Garcia, mentioned in reference 17).
To a special category belong the various mor-

phogenetic effects induced in fungi by certain
antibiotics. Such changes as curling, bulging,
abnormal spherical growth, frequent branching,
and increase in wall thickness have been ob-
served when different antibiotics have been ap-
plied to growing fungi (i.e. 11-13, 20, 26, 29, 130,
131, 252). In most cases the mechanisms of ac-
tion of different morphogenetic antibiotics on
the processes of cell wall formation in fungi have
not been studied in detail, if at all. Nevertheless,
from comparison of the data it becomes clear
that inhibition of protein (27, 73, 74, 131, 246,
256) or glycoprotein (130, 142) synthesis usually

has as a consequence increased synthesis of skel-
etal wall polysaccharides, very often accompa-
nied by a change in wall morphology.

In these cases it is possible to obtain delocal-
ized synthesis of structural wall polysaccharides,
apparently without disturbing the contact be-
tween the cell wall and the plasmalemma. Here
it can be hypothesized that direct or indirect
inhibition of protein synthesis may lead to de-
pletion of some metabolically unstable protein-
aceous extracytoplasmic components inhibiting
the activity of cryptic polysaccharide synthases
in the plasmalemma. A similar explanation may
be offered for the delocalized synthesis of chitin
observed at nonpermissive temperature in a
temperature-sensitive mutant of S. cerevisiae
(240) as well as for the observation that yeast
cells in which deoxyribonucleic acid and protein
syntheses were inhibited by inositol deficiency
continued the synthesis of wall glucan, resulting
in the formation of abnormally thick cell walls
(66).

Speculations About the Possible
Regulatory Mechanism

If we state that the cell wall determines the
shape of the cell, we must bear in mind that the
reverse is even more true: the cell determines
the shape of the wall. The mechanism by which
this control of the cell over the cellular mor-
phology is executed represents one of the most
intriguing problems of modern biology.

133VOL. 43, 1979



134 FARKAS

The experimental data summarized in the pre-
ceding pages strongly indicate that the key role
in the regulation of fungal morphogenesis is
played by the activation or inactivation or both
of polysaccharide synthases located at the plas-
malemma. Whereas the activation proceeds in
the intact cells apparently through enzymatic
disturbance of the contact between the plasma-
lemma and the constituents of the cell wall or
periplasm, the inactivation must involve the re-
verse process, i.e., the combination of plasma-
lemma-bound polysaccharide synthases with
specific proteinaceous inhibitors present in the
periplasm or the cell wall. The proteinaceous
nature of these postulated inhibitors is judged
mainly from the fact that blocking protein (or
glycoprotein) synthesis leads to activation of
cryptic polysaccharide synthases and delocalized
synthesis of wall. Although there is, so far, no
experimental evidence for the existence of such
inhibitors, their presence is clearly missing in
the present schemes of regulation of cell wall
polysaccharide synthesis (viz., Fig. 4). An inhib-
itory protein acting directly on active chitin syn-
thase was isolated from the cytoplasm of myce-
Hal (182) as well as yeast (164) cells ofM. rouxii.
How the activation-inactivation processes could
actually participate in the regulation of cell wall
growth is the subject of the following specula-
tions.
The morphological development of the fungal

cell begins by the activation of cell wall synthesis
at some site on the preexisting cell wall. It can
be assumed that the outgrowth of the new cell
wall is preceded by the concentrated action of
cell wall polysaccharide hydrolases at the given
site. The localized dissolution of the wall poly-
mers causes a loosening of the contact between
the cell wall and plasmalemma and, in turn,
activates the cryptic polysaccharide synthases
located in plasmalemma at the given site. This
sequence of events would create on the cell
surface a region ofactive well growth, henceforth
called the "primary growth region" (Fig. 9). As
a result of this activity, a tiny bud is formed on
the surface of the preexisting wall.
Cytoplasmic vesicles containing enzymes, in-

hibitors, plasmalemma precursors, and wall ma-
trix material move to the primary growth region,
fuse with the plasmalemma, and discharge their
contents into the periplasmic space. The poly-
saccharide synthases might be incorporated into
plasmalemma in the fully active state, or they
may be stabilized and become active only in
association with lipophilic components of the
plasmalemma. Such a mode ofactivation is com-
mon with some plasmalemma-bound enzymes
(70, 137).
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FIG. 9. Diagram illustrating formation of a

primary growth region in a preexisting cell wall.

The highest frequency of fusion of carrier
vesicles with the plasmalemma would be at the
bud apex (e.g., 17, 253). If the polysaccharide
synthases coming to the newly formed apex get
into contact with the postulated extracyto-
plasmic inhibitors and become rapidly inacti-
vated, a gradient of polysaccharide synthase ac-
tivity is formed on the surface of the bud. The
highest synthesizing activity would be at the
apex, where new active molecules of polysaccha-
ride synthases are supplied. Consequently, the
hemispherical bud would turn into a hypha (Fig.
10A).

If, on the other hand, the concentration of
inhibitors or the rate of inactivation of polysac-
charide synthases at the apex is low, all polysac-
charide synthases incorporated into plasma-
lemma remain active, resulting in spherical
growth of the bud (Fig. 10B). It can be imagined
that any intermediate rates of inactivation of
nascent polysaccharide synthases would result
in the formation of an ellipsoid.

It is highly probable that the distribution pat-
tern of active polysaccharide synthases at the
plasmalemma is reflected also in the rate of cell
wall growth. The latter term is meant here as
the number of precursor molecules incorporated
into the whole cell wall in a unit of time. In
hyphal walls, where rapid inactivation of poly-
saccharide synthases causes restriction of the
growth zone to the wall apex, the constant rate
of cell wall growth is maintained practically over
the whole growth period (253).
On the other hand, in spherical or nearly

spherical cells, where the number of active pol-
ysaccharide synthases in the plasmalemma con-
stantly increases, the rate of cell wall growth can
be expected to increase proportionally to the
increase in plasmalemma area for most of the
cell cycle. Data supporting this assumption can
be deduced from results obtained with synchro-
nously growing yeasts (30, 110, 112, 238).
The regulatory mechanism suggested here
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FIG. 10. Hypothetical distribution of active (0)

and inactive (0) molecules of polysaccharide syn-
thases in theplasmalemma ofhyphae (A) and spher-
ical cells (B). v, Cytoplasmatic vesicles carrying en-

zymes and building material to theplasmalemma; p,
plasmalemma; cw, cell wall.

represents an attempt to explain morphological
development in fungi in terms of molecular in-
teractions. It is limited in many respects and
lacks direct experimental support. The restric-
tion of the problem of fungal morphogenesis to
the level of the cell wall necessarily brings many
simplifications into our speculations and the ex-
perimental approach. It should be kept in mind
always that formation of the cell wall is not an
isolated process but is the result of metabolic
activity of the whole cell.

SUMMARY AND CONCLUSIONS

The fungal cell wall is a complex structure
composed mainly of polysaccharides and their
chemical complexes with proteins. The crystal-
line polysaccharides, chitin and fl-glucans, con-
stitute the skeletal portion of the wall, whereas
the amorphous polysaccharides and protein-
polysaccharides are components of the wall ma-
trix
The biosynthesis of each of these components

proceeds in a different way. The protein-poly-
saccharide complexes are polymerized from
their activated precursors by enzymes located in
the rough and smooth endoplasmic reticula. The
polymerized products are packed into vesicles
derived from membranes of the endoplasmic
reticulum and conveyed to sites on the plasma-
lemma adjacent to the growing regions of the
wall.

Biosynthesis ofskeletal polysaccharides is cat-
alyzed by constitutively formed polysaccharide
synthases uniformly distributed in the plasma-
lemma. The unique property of these enzymes
is that they can exist in an active or in tempo-
rarily inactive, zymogen, state. Only the portion
of polysaccharide synthases located at the
growth zone is active during wall growth. In
hyphal cells the growth of the wall is restricted
to the apical region of the wall, whereas in

spherical cells new cell wall material is being
incorporated over the whole surface of the wall.
The activation-inactivation process with poly-
saccharide synthases seems reversible, and it is
assumed that it represents the principal mech-
anism by which the fungal morphogenesis is
regulated.

In this review I have tried to summarize
briefly our present knowledge on the extremely
complicated process of cell wall formation in
fungi. In spite of the great progress that has
been made in recent years in understanding the
mechanism of cell wall formation in fungi, nu-
merous detailed questions have to be answered
before we can compose a more precise picture of
the whole process. Future research will undoubt-
edly bring, among other solutions, the answers
to such questions as: (i) the mechanisms of bio-
synthesis of various cell wall polymers and the
participation of glycosylated phospholipids as
intermediates in individual transglycosylic re-
actions, (ii) the participation of cellular organ-
elles in the biosynthesis of individual cell wall
polymers, (iii) the mechanism of transport of
prefabricated wall polymers from the site of
formation to the cell exterior, (iv) the polymer-
ization of subunits in the wall and formation of
wall fabric, and (v) the regulation of the bio-
syntheses of individual cell wall components
with relation to morphological development and
cell and life cycles.
To achieve these goals would necessarily re-

quire the exploitation of all the existing meth-
odological potential of the modem biological
sciences. Not only is the effort expended in this
research likely to be rewarding in this special
field of microbiology, but the knowledge ob-
tained can contribute to a better understanding
of related processes in types of cells other than
fungi.
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